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by seed predation has never been experimentally evaluated. Drawing on past studies, we evaluated the following hypotheses (Table 1) regeneration of many plant species because it protects seeds from desiccation and strict seed predators 1 0 7 (Haas & Heske, 2005; Vander Wall, 2010; Zwolak et al., 2016) . On the other hand, rodents move 1 0 8 seeds over rather short distances (within population: den Ouden et al. 2005) , which is unlikely to result 1 0 9
in strong distance-dependent effects.
(2) The distance-related benefits should be smaller in red oak 1 1 0 than in sessile oak. This result might occur because invasive species often escape from the inhibitory 1 1 1 effects of soil biota in their alien range (Agrawal et al., 2005; Maron et al., 2014) . ( shadows under the tree may create local satiation effects (Xiao et al., 2015) . (4) acorns should be more frequent in red than in sessile oaks. This result might occur because heavier 1 1 5
acorns are more likely to be pilfered (Perea et al., 2016) and red oak acorns are over twice heavier 1 1 6 than sessile oak acorns (Bogdziewicz et al., 2017a) . (5) Benefits of seed dispersal and burial will be 1 1 7 large enough to compensate predation, leading to mutualistic relationship in which small mammals 1 1 8
will aid recruitment of focal oaks. This prediction is based on results of a meta-analysis of previous 1 1 9 studies, which suggested that outcomes of plant-rodent interactions tend to be weakly mutualistic 1 2 0 (Zwolak and Crone 2012). We used the estimates of seedling establishment probability obtained in field experiments to 1 2 2 1 3 8 camera traps, small mammals at our study sites were dominated by Apodemus sp., most likely A.
flavicollis, a seed specialist (Selva et al., 2012 , Gasperini et al., 2017 .
To quantify the effects of acorn burial on seedling emergence we conducted seed addition To address the distance-related effects of rodent seed dispersal, the above-described cage sets , 1984; Hirsch et al., 2012; Steele et al., 2014; Yang et al., 2016) . Thus, our estimates of 1 5 6 distance-dependent effects may be overly positive, if such directed dispersal does not occur in our 1 5 7 system. We placed five sets of cages at each transect. We used tree crown as a reference point and (underneath the crown), and the remaining 3 sets every 5 m in the opposite direction (i.e. away from 1 6 0 the tree trunk). We used 25 m as the maximum evaluated distance because acorn-tracking experiments To test how acorn burial, distance from the tree, and rodent foraging affect the seedling establishment,
Smith
we built a separate generalized linear mixed model (GLMM) for each oak species. We used nested 1 6 9 random effects of cage set, tree, and study site, logit link, and binomial family error distribution, and 1 7 0
implemented the models via lme4 package in R (Bates et al. 2015 ). In each model, we used proportion 1 7 1 of established seedlings as the response variable, and burial (surface vs. sowed), rodent access 1 7 2 (excluded vs. allowed), and distance from the tree as fixed effects. We also included all possible 2-1 7 3 way interaction terms between fixed effects, and the 3-way interaction (which was removed when 1 7 4 non-significant). We calculated marginal (i.e. the proportion of variance explained by fixed effects) using the MuMIn package (Nakagawa & Schielzeth, 2013; Bartoń, 2016 ). Calculating the p c threshold and the effects of seed pilferage
We evaluated how the interactions between rodents and oaks are placed along the antagonism 1 8 0 -mutualism continuum (Zwolak & Crone, 2012) . The p c threshold was calculated as a ratio of 1 8 1 emergence from seeds sown on surface vs. emergence from buried seeds, with rodents excluded. Seed processes (Zwolak & Crone, 2012) : the probability that a seed is cached, the probability it is eaten by 1 8 5 the cache owner, and the probability it is pilfered:
where p cached is the probability a seed is cached, p eaten by cache owner is the probability of retrieval by threshold is the minimum value of when the benefits for plants balance the costs of seed consumption.
Thus, if the threshold is determined by the proportion of seedling emergence from surface, e s 1 9 1
(estimated with data on seedling emergence from seeds sown on surface in closed cages), to 1 9 2 emergence from caches, e c (i.e. by benefits of burial, estimated with data on seedling emergence from 1 9 3 seeds buried in closed cages), i.e.: then the equation can be expanded to show the effects of pilferage: and rearranged to include only the unknown proportion of seeds cached and uneaten by the cache 1 9 8 owner: coefficient to obtain a joint distribution for the derived variables. We repeated the calculations of p c 2 0 6
and p CO for both near the conspecific probability of germination (i.e. germination rate estimated at the 2 0 7 distance 0 m, and far i.e. germination rate estimated at distance 25m). Probabilities of germination 2 0 8
were derived from the above-described GLMMs. The empirical p CO value (the ultimate probability that the acorn will be cached and not 2 1 0 retrieved, accounting for retrieval by the whole granivore community) for both oak species was 2 1 1 derived from a parallel study investigating rodent seed dispersal of the focal oaks, i.e. 17% for red 2 1 2 oaks and 2% for sessile oaks (Bogdziewicz et al. unpublished In accordance with hypothesis (1), benefits of acorn burial were higher than benefits of acorn effect was considerably weaker when rodents were excluded (closed cages, 57% for acorns on the 2 2 0 surface vs. 65% for buried acorns; rodent exclusion × burial interaction in Table 2a , Fig. 1 interaction in Table 2b ).
4
We did not detect any distance-related benefits of seed dispersal and contrary to hypothesis 2 2 5
(2), the oak species did not differ in this regard. In fact, seedling establishment probability decreased with the distance from the focal tree (Table 2 , Fig. 2 and 3) . This phenomenon was caused by an 2 2 7 increase in acorn removal, which supports hypothesis (3). In Q. petraea increased removal was 2 2 8 apparent only when acorns were sown on surface (Table 2a , Fig. 2 ). Pilferage of cached acorns did not 2 2 9
differ with distance from the tree in this species. In Q. rubra, this effect occurred both for acorns that 2 3 0
were buried and those that were left on surface. Acorn burial was more beneficial for Q. rubra than for Q. petraea (see above, and Fig. 1 ). In 2 3 2 contrast to hypothesis (4), pilferage rates were higher in Q. petraea than in Q. rubra. In Q. petraea 2 3 3 seedling establishment from buried acorns was 1.5 times higher when rodents were excluded (39% in and decrease with distance from the tree in some treatments (see below). (95% CI: 0.77-1.99) in Q. rubra far from the tree (Fig. 4) . Note that the p CO value for Q. petraea does 2 4 1 not differ with distance because the pilferage rates were distance-independent ( Fig. 2a) . These values 2 4 2 are either impossible to reach (when they exceed 1) or would require almost all cached acorns to be 2 4 3 never retrieved to approach the mutualism parameter space of the interaction (Fig. 4) . Thus, 2 4 4 hypothesis (5) was not supported: interactions between scatterhoarders and oaks in our study system 2 4 5 were clearly antagonistic.
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A fraction of removed acorns could be recached rather than consumed. If we assume that Supplement 1). Nonetheless, for the parameters observed in our system, recaching of pilfered acorns 2 5 0 would not affect the conclusion that scatterhoarders acted antagonistically in their interactions with 2 5 1 oaks (Online Supplement 1). Our study is the first to separate and directly quantify two most important services provided to Our results suggest that widely-accepted benefits of transportation might in many ecological systems 2 5 7 be smaller than expected. Moreover, they demonstrate that even relatively large improvements in 2 5 8 seedling establishment after seed burial do not necessarily render the plant-scatterhoarder interaction 2 5 9 1 1 mutualistic. Finally, and most generally, our study illustrates a straightforward empirical approach that 2 6 0
can be used to evaluate the ambiguous role of scatterhoarding granivores in plant regeneration.
6 1
This approach consists of quantifying the net outcome of an interaction through assembling In addition, this case study provides a method to compare the importance of different types of separated. Yet, a few case studies that have done so demonstrated that it may change the way we think remove pathogens from the dispersed seeds (condition-related benefit) and transport seeds far from interactions, we demonstrated that acorn burial was the main benefit of this interaction (hypothesis 1 2 8 2
in Table 1 ), at least during the period of the study. The lack of distance-dependent benefits was become so common that their predator and pathogen communities become functionally uniform across 2 8 5 the landscape (Janzen, 1971; Schupp, 1992; Fricke et al., 2013; Garzon-Lopez et al., 2015) . This is 3 0 1 density has a stronger effect on cache pilferage rates in Q. rubra than in Q. petraea (Gálvez et al., 3 0 2 2009). However, we did not measure seed shadows, and thus this pattern might have resulted from Q. rubra acorns were generally better protected from seed predation once buried than acorns 3 0 5 of Q. petraea (contrary to hypothesis 4 in Table 1 ). The pilferage rates of buried seeds are related to 3 0 6 their release of odorant molecules Vander Wall & Joyner, 1998; Yi et al., 2016) . Q. rubra appears to rely more on rodent dispersal in their native range than does Q. petraea in Europe 3 0 8
(den Ouden et al., 2005; Steele, 2008) . Thus, the tighter coevolution between small mammals and Q. 
Hypothesis Result
(1) Benefits of acorn caching exceed benefits of acorn transportation.
Confirmed.
(2) Benefits of acorn transportation is lower in Q. rubra than in Q. petraea.
Not confirmed: in both oak species, seedling establishment did not change with distance of acorn dispersal.
(3) Seed removal and pilferage increases with distance from the mother tree.
(4) Pilferage rate is higher in Q. rubra than in Q. petraea.
Not confirmed: pilferage rate was lower in Q. rubra, perhaps due to lower emission of volatile compounds.
(5) Interactions between scatterhoarders and both species of oaks are mutualistic.
Not confirmed: due to relatively low burial benefits and no distance-related benefits, interaction were antagonistic in both species of oaks. 
